Underwater measurements of electric fields are a key component in most methods for marine hydrocarbon exploration based on electro-magnetism. Often these fields are very weak and their measurements highly challenging. We discuss the physics of a selection of the relevant noise sources in marine EM measurements and the technology designed to deal with them. These noise generating mechanisms include electronic noise in the receivers, electrode drift, noise induced by mechanical motion of the antennas, noise caused by the hydrodynamics of surface waves or the turbulent motion around antennas due to tidal currents, surface charges that move with the surface of the waves, atmospheric EM noise, and signal distortions due to ill-controlled antenna orientation. We address both the questions as how measurement design may be improved to deal with internal noise sources and how the effect of external noise sources may be reduced.
Introduction
Various controlled source electromagnetic (CSEM) methods have been developed in the last two decades (Edwards, 2005 , Holten 2009 ). A characteristic feature of these methods is that they rely on the measurements of very weak fields. For this reason a wide variety of noise sources become relevant, and the design of the experiments, or survey technology, must deal with that. When signal levels down to 1 nV/m are required, as is often the case, both the receivers, the type of controlled source signal, and the subsequent data processing must be optimized. In order to do this a physical understanding of the noise generating mechanisms, is required.
We presently discuss the physics of a selection of the relevant noise sources in marine EM measurements and the technology designed to deal with them. Most notably, these mechanisms include electronic noise in the receivers, electrode drift, noise induced by mechanical motion of the antennas, noise caused by the hydrodynamics of surface waves or the turbulent motion around antennas due to tidal currents, surface charges that move with the surface of the waves, atmospheric EM noise, and signal distortions due to ill-controlled antenna orientation.
While most of the physical effects that we discuss have a general relevance to sea bottom EM measurements, we also focus particularly on aspects of measuring the vertical E-field component, since this is the field component that is most sensitive to resistive hydrocarbon layers. Measurements of this field component are the basis of the technology developed by the Norwegian technology company, PetroMarker. Along with the description of the various noise mechanisms, we discuss how the corresponding technological challenges have been met by this company.
Noise sources
As the sensitivity of the measurements is increased, noise sources, that were earlier too weak to be detected, become detectable, and, in some cases, dominant. For instance, when mechanical receiver motion is suppressed, effects linked to motion in the sea water emerge. The sources that will be discussed may be summarized in the following list.
 Noise induced by mechanical motion of the receiver. The earth magnetic background field will induce highly significant voltages whenever the antenna moves across the field lines. The reasons for the motion will depend on the equipment used. Typical sources of such motion are hydrodynamic effects that are caused by tidal currents or surface sea waves, such as Karman streets (vortex shedding) behind any extended structure.
 Surface sea waves and noise induced by the Lorentz force. Even in the absence of antenna motion oscillatory water currents will induce electric currents due to the Lorentz force that arises from ionic charge motion across the magnetic field (Chave 1984 , Bakus 1982 . Sea bottom measurements will benefit from the fact that motion due to surface waves are rapidly damped with depth. Yet, there will be measurable effects of long sea waves in not-too-deep waters, which reflect the coupling of viscous hydrodynamics and induction.
 Atmospheric noise coming from such phenomena as Schumann resonances and ionospheric noise disturbances like the solar wind is essentially screened out in measurements that only record the vertical field component. The reason is simply that no current can pass from a nonconducting atmosphere. Yet, a minor noise component may enter also in this field component due to surface waves at shallow sea depths (depths comparable to the skin depth or smaller).  Antenna orientation and tilt effects. Any attempt at using EM measurements in forward modelling requires knowledge of the antenna orientation (Holten 2009 , Mittet 2007 . This is particularly true for the late time vertical field component, which carries much information on deep resistive structures. However, below a boundary through which there is no current, like the sea surface, the vertical field component decays more quickly than the horizontal component by a factor of 1/t, where t is the time since the pulse was turned off. This means that the vertical component becomes relatively weak compared to the horizontal one, and that receivers with a high degree of verticality are required to extract the desired field component.
 Electronic noise and drift of the electrode potentials. In any electronic circuit thermal agitations causes a white background noise, so-called Nyquist noise, in the signal, which increases with the resistance over which the measurement is made. This noise is intrinsic to the technology and independent of antenna length. The same is true for the drift in electrode potentials. Since the emf potentials at the electrodes are many orders of magnitude larger than the actual potential differences we seek to measure, such drift is a significant distortion. Both the effects of drift and thermal noise are reduced in significance by increasing antenna length.
 Surface charge motion and bottom pressure variations. We also consider a few more exotic effects that are quite easily eliminated as main noise sources because they are too weak. Among those effects are electrode perturbations due to the pressure variations caused by the turbulence in the sea water surrounding the receivers, as well as the effect of sea surface charge motion due to gravity waves. Developments of the measurement technology. The above types of noise fall into two categories, external noise, which is caused by mechanisms that are independent of the measurement apparatus, and internal noise, which comes from the receiver itself (like Nyquist noise) or the interaction between the receiver and its surroundings (like motion induced noise). Clearly, design improvements can only reduce the internal noise. But understanding the external noise is still of key importance since it might be possible to avoid it. Wave induced noise, for instance, may be greatly reduced by waiting for a quiet day. Effects of induced polarization in the overburden are sometimes not considered noise. In contexts where it is, however, it constitutes another example of external noise. It arises in response to a controlled source signal at some offset from the receiver, and it may be greatly reduced by increasing this offset. Figure 1 shows the various stages of PetroMarker receiver designs, that have taken place in order to deal with the problems of motion induced noise and control of verticality. Figure 1 A shows the initial cable receivers, which very highly sensitive to sea current motion. Figures 1 B and C show receiver designs that successfully suppressed some of this motion, though they were still subject to near antenna turbulence, where the orientation would generally depart from the vertical. Figure 1 D shows the latest design, which essentially solves both the problem of mechanical oscillations and that of verticality. This is achieved by suspending the antenna like a pendulum, so that it maintains a vertical orientation, and by screening it with a surrounding tent-structure. The resulting performance improvements are shown in the histogram, which illustrates how each new design has improved the signal-to-noise ratio by a factor of 10 compared to the previous design.
Figure 1 Various receiver designs (A-D) and the corresponding error bars in their recorded signals. The cable receiver of 2007 (A) is 60 meters high and has no horizontal stabilization. The cable is supported by the free buoy on the top. The pole antenna (B) is 30 meters high, while the tripod used in 2008 (C) is 17m high and supported by a rigid structure. In the newest (2009) tripod design (D) the antenna adjusts to the vertical as a pendulum, and it is surrounded by a fabric tent that screens it from hydrodynamic motion. The error bars show the uncertainty in the receiver voltage measurements normalized by the transmitter current of 5000 A.
The remaining noise in the raw data still includes such sources as the intrinsic electronic-and electrode noise, as well as effects that may be linked to surface waves. The electrode performance is optimized by creating a stable chemical environment and matching electrode pairs that have similar drift properties. The electronic noise is reduced through electronic optimization and minimization of the resistivity in the electrode circuit.
The intrinsic noise caused by the electrodes and the electronics have respectively very slow and very rapid variations, and in both cases, this implies good noise reduction through averaging. A typical pulse sequence, called P8, contains 4 negative and 4 positive pulses. Two averaging strategies are employed, most notably binning into time windows and stacking of signals separated by significant time lags. The first of these procedures is simply a running average, and reduces the high frequency noise like the electronic noise. The stacking first averages the number of pulse responses in one sequence, which is 8 for a P8 sequence. The individual pulse responses are separated by times of the order 10 seconds. The sum of the responses following negative pulses are subtracted from the sum of the responses following positive pulses in order to eliminate any constant offsets in the raw data. The linear-and quadratic in-time drift components are also removed. This procedure eliminates the very low frequency components. The problem that remains is the intermediate frequencies or correlation times in the noise, like those frequencies seen in long sea waves. Figure 2 illustrates the effects the data processing by averaging. The top figure shows the raw data with both a constant offset around 0.5 mV as well as a significant drift. The right figure shows the data after stacking (black dots) and binning into various size time windows. It should be noted how these combined procedures reduce the variance in the electric field from around 50 nV/m to roughly 2 nV/m. When such data as is shown in the bottom figure is ensemble averaged further over a few (typically 30-40) independent time-series, the final error bar is reduced to well below 1 nV/m.
